The effects of Ca, K, Na, calcite, and EDT A on Pb immobilization by hydroxyapatite [CaIO(P04)6(OHh; HAl were investigated. The stability of hydroxy pyromorphite [PbIO(P04MOHh; HPJ (a reaction product of HA with Pb) and the effectiveness of using HA to immobilize Pb in Pb-contaminated soils also were examined. Neither Na nor K affected Pb immobilization. Aqueous Ca and calcite slightly inhibited Pb immobilization, but HA still reduced aqueous Pb > 97% in the presence of these species; however, EDTA significantly reduced the effectiveness of HA to immobilize Pb from Pb-EDTA solutions, with only 24 to 31 % resultant reduction in aqueous Pb. Hydroxypyromorphite was stable in the presence of HA up to 8 wk. Both higher Ca and lower P concentrations (following P removal by anion exchange resin) dissolved HP from a mixture of HA and HP, but the final aqueous Pb concentrations remained low «168 nmol L -I). High EDT A concentrations dissolved most (>85%) of the Pb from the same mixture. Hydroxyapatite effectively immobilized >71 % of the aqueous Ph in four PbHAs04 contaminated soils. The effectiveness of HA to immobilize aqueous Ph in the presence ofCa, K, Na, and calcite, and to immobilize aqueous Pb from Pb-contaminated soil .. , together with the stability of HP in the presence of high Ca and low P concentrations support our previous conclusion that HA has the potential to treat Ph contaminated water, soils, and wastes and that such a treatment can result in long-term in situ Pb stabilization; however, HA did not effectively immobilize Pb, nor was HP, stable in the presence of high EDTA concentrations. Thus, HA treatment will be ineffective in EDTA rich environments.
T EAD CONCENTRATIONS IN AGRICULTURAL SOILS of the L USA range from < 1 to 135 mg kg-I, with an average concentration of 12.3 mg kg-I (Holmgren et al., 1993) ; however, the number of soils containing elevated Pb concentrations has increased during the past half century due to anthropogenic contamination, including leaded paint, leaded gasoline, and Pb emissions and wastes from industries (Mielke, 1994) . Soils act as a Ph reservoir, and can become an environmental pathway or carrier of Pb to biota. Because of Pb toxicity to humans and animals, considerable effort has been focused on remediating these Pb contaminated soils.
Phosphate minerals have been used to immobilize Pb in situ from aqueous solutions and Ph contaminated soils (Chowdhuryetal., 1994; Ma et aI., 1995 Ma et aI., ,1993 Mench, 1994) . The primary mechanism of Pb immobilization appears to be through phosphate-mineral dissolution and subsequent precipitation of pyromorphite-like minerals, though mechanisms such as cation substitution, adsorption and precipitation as other Pb minerals are also possible. Hence, phosphate-mineral solubility largely deSoil and Water Science Dep., Univ. of Florida, Gainesville, FL 32611-0290. Approved for publication as Florida Agric. Exp. Stn. Journal Series no. R-05263. Received 19 Jan. 1996. *Corresponding author (qma@gnv. ifas.ufl.edu).
Published in J. Environ. Qual. 25:1420 -1429 (1996 . 1420 termines. the effectiveness of in situ Pb immobilization. For example, hydroxyapatite [HA; CalO(P04MOHh] from Bio-Rad is six times more effective in immobilizing Pb than phosphate rock [CalO(P04) ~2] from C.F. Chemical, which has proved to be one of the most effective phosphate rocks to immobilize Pb (Ma et al., 1995) . The greater solubility and faster dissolution rate of HA than phosphate rock may have contributed to HA's greater effectiveness. In addition to phosphate minerals, aqueous phosphate also has been used to treat Pb-contaminated soils (Rabinowitz, 1993) . Phosphate minerals have the advantage of buffering pH when applied to aqueous solutions and Pb-contaminated soils compared to aqueous P, which tends to modify soil pH (Ma et al., 1993) . Furthermore, phosphate minerals with moderate solubility supply sufficient P to precipitate Ph, while still causing minimum P contamination to the environment.
Among the various phosphate minerals, synthetic HA is one of the most effective in reducing Pb solubility from aqueous solutions and Pb contaminated soils (Ma et al., 1995 (Ma et al., , 1993 . Hydroxyapatite, a member of the apatite family, is the prototype of the inorganic constituent of bones and teeth, thus its crystal and solution chemistry have been researched extensively (A vnimelech et al., 1973) . Most research has centered on synthetic HA, because relatively pure natural HA is uncommon. The specific surface area of synthetic HA ranges from 9. 1 to 87.2 m 2 g -'. depending on commercial sources and synthesis methods (Bell et al., 1972; Suzuki et al., 1980 Suzuki et al., , 1981 Suzuki et al., , 1982 Suzuki et al., , 1984 Suzuki and Ishigaki, 1985) .
Its solubility (log Ksp = log [(Ca2+)1O(P04)6(OH-)2] varies as well, ranging from 100 to 121, with a mean of 116 (Avnimelech et al., 1973; Vieillard and Tardy, 1984; Wier et aI., 1971) . Its unit cell dimensions are a = 9.43 and c = 6.88 A (Nriagu, 1984) .
Hydroxyapatite effectively and rapidly attenuates Pb from aqueous solutions, exchangeable resin, and a Pb contaminated soil (Ma et aI., 1993) . Hydroxyapatite reacts virtually instantaneously with aqueous Pb in solution, resulting in up to 93% aqueous Pb reduction in less than half a minute. The reaction of P with Pb is slower in soils, with aqueous Pb reduction of 90% in 5 h (Ma et aI., 1993) . Hydroxyapatite also effectively reduces aqueous Pb from 482 J.1mol L -I to below 72.4 nmol L -I in 2 h in the presence of 12 times higher concentrations of N03', Cl-, F-, or SOi-than of Pb (Ma et aI., 1994a) . The presence of CO~-significantly reduces the effectiveness of HA to immobilize Pb mainly due to high pH (7.34 to 10.6). Hydroxypyromorphite [HP; Pb lO (P04MOHh] forms after HA reaction with aqueous Pb in the presence of N03', SOi-, or CO~-, whereas chloropyromorphite (Pb lO (P04)6Ch) and f1uor-Abbreviations: HA, hydroxyapatite; HP, hydroxypyromorphite; EDTA, ethylenediaminetetraacetic acid; XRD, x-ray diffraction opyromorphite (PblO(P04)~2) form in the presence of CI-and F-, respectively (Ma et al., 1994a) .
In addition, HA selectively immobilizes >37% aqueous Pb in the presence of up to seven times higher concentrations of aqueous AI, Cd, Cu, Fe(II) , Ni, or Zn than of Pb (Ma et al., 1994b) . These metals inhibit Pb immobilization by HA in the order: AI > Cu > Fe(ll) > Cd > Zn > Ni, and Cu > Fe(ll) > Cd > Zn > Al > Ni at high and low initial Pb concentrations, respectively (Ma et al., 1994b) . Hydroxypyromorphite is the only identified reaction product after HA reaction with aqueous Pb in the presence of these metals. Hydroxyapatite also selectively reduces Pb concentrations in the presence of Mn(ll) , suggesting that Mn(ll) has relatively little influence on Pb immobilization by HA (Suzuki and Ishigaki, 1985) . Furthermore, HA reduces Pb concentration in nonaqueous solution (HCONH2, HCOONH4, or CH 3 COONH 4 ) by 12.2 to 30.6%, with lower Pb reduction at greater initial Pb concentrations (Suzuki and Ishigaki, 1985) .
Aqueous Pb immobilization by HA is visualized as occurring mainly through HA dissolution and HP precipitation (Ma et al., 1993) as in the following equations:
CalO(P04)6(OHh (c) + 12 H+ dissolutio~ 10 Ca2+
+ 6 H 2 POi + 20H-
Thus, parameters affecting these two reactions, and especially P concentration, will affect Pb immobilization by HA. For example, increases in pH and/or Ca concentration decrease P concentrations, thus decreasing Pb immobilization. Based on our hypothesis, any process that increases P concentration will increase the relative effectiveness of HA to immobilize Pb, and vice versa. So far, we have demonstrated that HA effectively immobilizes aqueous Pb in the presence of various cations (AI, Cd, Cu, Fe(II) , Ni, and Zn) and anions (NO:), CI-, F-, SOa-, and CO~-), and that it effectively reduces aqueous Pb concentrations from a Pb contaminated soil (Ma et aI., 1994a,b; 1993) ; however, further study is needed to explore the effectiveness of HA for in situ Pb immobilization in contaminated soils. For example, high Ca2+ concentrations and/or calcite are present in arid and semiarid soils and chelates such as EDT A can be found in some metal contaminated soils (U.S. Environmental Protection Agency, 1990). In addition, both Na+ and K+ can replace Ca2+ on HA, thus may affect the effectiveness of Pb immobilization by HA (McConnell, 1973) . The stability of HP under various conditions, e.g. in the presence of low P, high Ca concentrations or EDTA, also needs to be examined before this technology can be applied in the field, and additional soils need to be tested for the effectiveness of HA to immobilize Pb.
The objectives of this study were: (i) to evaluate the effects ofCa, K, Na, calcite, and EDTA on Pb immobilization by HA; (ii) to examine HP stability in the presence of high Ca and EDT A concentrations, and reduced P concentrations during different time periods; and (iii) to investigate the effectiveness ofHA to immobilize aqueous Pb in situ from Pb contaminated soils.
MATERIALS AND METHODS Part 1: Effects of Ca, K, Na, Calcite, and EDT A on Pb Immobilization by Hydroxyapatite
To test the effects of aqueous Ca, K, and Na on Pb immobilization by HA, 0.1 g of prewashed HA (Baker, Phillipsburg, NJ) was reacted with 200 mL of 482 J.1mol L -I Pb solutions for 2 h. A 2 h reaction time was used in most of our experiments based on rapid reaction of Pb with HA (Ma et al., 1993) . Average Ca, Na, and K concentrations in soils are reported to be 3200,1000, and 1000 J.1mol L -I (Lindsay, 1979) , whereas the Ca, Na, and K concentrations used in this experiment were 123, 246, 492, and 984 J. The effectiveness of in situ Pb immobilization by HA depends largely on long-term stability of the reaction product HP. Stability of HP over time was tested by reacting 0.1 g of HA (BIO-RAD) with 200 mL of 482 J.1mol L -I Pb solutions as Pb(N03h. The suspensions were agitated continuously on a shaker for up to 2 wk, after which they were shaken for 8 h every 3 d. The total reaction time lasted for 8 wk.
Hydroxypyromorphite was synthesized by reacting 1 g of HA (BIO-RAD) with 2 L of 482 J.1mol L -I Pb solution for 2 h. The solid sample was air dried after rinsing with deionized water. It consisted of HA and HP as determined by x-ray diffraction (XRD). Assuming that all the Pb immobilized by HA was precipitated as HP, then there was approximately 22 % HP formed in the mixture. This mixture was then used in the following experiments.
Hydroxypyromorphite stability was tested by lowering P concentrations in the associated solution using an anion exchange resin (simulating P removal by a plant); 0.015 g of the previously described mixture of HA and HP was reacted for I or 3 d with 30 mL of deionized water containing 0, 0.03,0.12,0.48, or 1.92 g of anion exchange resin (Chloride saturated Dowex 1-X8, Baker Chemicals), possessing 0, 0.055, 0.22,0.88, and 3.52 mmol of negative charge, respectively. Hence, 0.48 and 1.92 g anion exchange resin could theoretically remove all of the P from the HA and HP mixture, because 0.015 g of the mixture contained approximately 0.70 mmol P.
The effect of aqueous Ca on HP stability was tested by reacting 0.015 g of the same mixture of HA and HP with 30 mL of solutions containing 0, 1.25,2.50,4.99, or 9.98 mmol Ca L-1 for 2 h, 1 d, or 3 d. The effect of EDTA on HP 1. ENVIRON. QUAL., VOL. 25, NOVEMBER-DECEMBER 1996 stability was tested by reacting 0.0175 g of the mixture with 35 mL solutions containing different concentrations of EDT A for 2 or 24 h. The EDTAlPb molar ratios ranged from 7, 13, to 26; whereas EDT A/(Ca + Pb) molar ratios were much lower, ranging from 0.6, 1 to 2. Thus, the amount of EDTA added at ratios ~ 1 could theoretically dissolve all of the HA and HP in the mixture.
Part ill: Effectiveness of Hydroxyapatite to Immobilize Pb from Pb-Contaminated Soils Four Pb-contaminated soils were reacted with different amounts of HA to test the effectiveness of HA to immobilize Pb in situ. The soils were from old apple orchards in Washington State, which have been contaminated by many years of applications of PbHAs0 4 insecticide. The results of total elemental analysis for the soil samples can be found in Ma and Rao (1996, unpublished data) . Five grams of each soil was reacted with 30 mL of solution containing 0, 0.5, or 1 g of HA, respectively for 2 h.
Analytical Method
Throughout this study, the solid (g) to water (L) ratio was kept constant at 1 :2. Larger volumes (200 mL) were used for both aqueous and solid sample analysis, and smaller volumes (30 or 35 mL) for aqueous sample analysis only. Two types of HA were used (Baker and Bio-Rad) and care must be taken when comparing data for different types of HA. They were washed with deionized water to remove impurities in the samples. All experimental treatments in this study were prepared in triplicate and were conducted in acid-washed (10% HN0 3 ) polycarbonate labware. The symbols Pb, Ca, K, Na, and P will be used to denote total aqueous concentration.
The suspensions in all studies were filtered through 0.2-l1m NucIeopore polycarbonate membrane filters. Perkin-Elmer 3030B (flame) and 4100 ZL (graphite furnace) atomic absorption spectrophotometers were used to analyze total metal concentrations. Total dissolved P was measured colorimetrically using a Beckman DU-6 spectrophotometer (Olsen and Sommers, 1982) . Solution pH was measured using an Orion/Ross combination electrode and Orion EA 920 pH meter. The MINTEQA2 chemical equilibrium speciation program (Allison et al., 1991) was used to calculate the equilibrium distributions and activities of aqueous species using total dissolved Pb, Ca, and P concentrations, and solution pH as the initial inputs.
All XRD analyses were conducted using a Philips x-ray diffractometer (Philips Electronic Instrumentation Co., Mahweh, NJ) with Cu K-a radiation at 35 kv and 20 rnA. Measurements were made using a step-scanning technique with a fixed time of 4 s per 0.05 0 29. A total of 601 data points was obtained from 15 to 45 0 29. All XRD analyses were performed using backfilled, randomly oriented mounts.
RESULTS AND DISCUSSION Part I: Effects of Ca, K, Na, Calcite, and EDTA on Pb Immobilization by Hydroxyapatite
In situ Pb immobilization by HA could be a costeffective way to remediate Pb-contaminated soils by reducing Ph solubility, and therefore presumably Pb bioavailability. Before this technology can be field-applied, however, many factors affecting the effectiveness of Pb immobilization by HA must be understood. The effects of cations (AI, Cd, Cu, Fe(II), Ni, and Zn) and anions (NO), CI-, F-, SO~-, and C~-) on Pb immobilization by HA were determined earlier (Ma et aI., 1994a,b) . This paper further examines the effects of cations such as Ca, Na, and K, which are abundantly present in soils, on Pb immobilization by HA. The effects of calcite on Pb immobilization by HA also was included since calcite is often present in arid soils. In addition, the effects of EDT A was investigated because EDT A is a stronger chelator for Pb (Lindsay, 1979) and EDTA has been found to co-exist with in Pb in some Pb contaminated soils (U.S. Environmental Protection Agency, 1990).
Hydroxyapatite effectively reduced aqueous Pb concentrations from 482 I1mOI L -\ to the range of 12 ornol L -\ -11. 6 I1mol L -\ in the presence of high concentrations of Ca, Na, or K, with a minimum of 98% reduction in aqueous Pb reduction (Table 1) . Neither K nor Na affected Pb immobilization by HA (minimum 99.9% aqueous Pb reduction); however, Ca reduced the effectiveness of HA to immobilize aqueous Pb, with greater Ca concentrations resulting in less Pb immobilization (Table 1) . Higher Ca concentrations resulted in slightly lower P concentrations (Eq. [1]), which are expected to yield greater Pb concentrations (Eq. [2]).
Both P and Ca concentrations remained constant regardless of K or Na concentrations (Table 1) . Filtrate pH values in solutions containing K, Na, or Ca were Table 1 . Chemical analysis of 482 JOIlol L -1 Pb solutions after reaction with 0.1 g of hydroxyapatite in the presence of different concentrations of Ca, K, or Na for 2 h. 
0.1 ± 0.2 0.17 ± 0.1 518 ± 6.4 561 ± 1.5 562 ± 1.8 3170 ± 210 818 ± 100 482 ± 18 7.0 ± 0.0 7.5 ± 0.0 7.7 ± 0.1 1 d 0.1 ± 0.2 0.1 ± 0.1 0.1 ± 0.2 576 ± 1.8 571 ± 0.9 565 ± 1.8 325 ± 7.4 329 ± 13 354 ± 18 8.0 ± 0.0 7.9 ± 0.1 7.9 ± 0.1 7d 0.5 ± 0.2 0.8 ± 0.3 0.7 ± 0.4 691 ± 1.8 694 ± 1.8 698 ± 3.2 302 ± 10 540 ± 25 278 ± 33 7.6 ± 0.2 7.8 ± 0.0 7.7 ± 0.0 14 d
1.1 ± 0.1 1.1 ± 0.0 1.1 ± 0.1 681 ± 0.3 688 ± 1.4 696 ± 6.7 304 ± 54 363 ± 7.7 377 ± 64 7.4 ± 0.0 7.8 ± 0.0 7.9 ± 0.0 slightly lower than for the controls, regardless of K, Na, or Ca concentrations. In addition to Pb immobilization, both aqueous K and Na were reduced by HA, with more Na than K immobilized (Table 1 ). Because the filtrate pH's were all below 7.5, the point of zero charge of HA (Sposito, 1984) , Na andlor K adsorption by HA is negligible. This suggests that isomorphic cation substitution of N a or K for Ca in the HA structure was the main mechanism for Na and K removal. The ionic radii of Ca2+ 0.00 A) and Na+ (1.02 A) are similar and both are smaller than K+ 0.38 A), thus more Na+ substituted for Ca2+ than would K+ (Henderson, 1982) . Hydroxyapatite also effectively reduced aqueous Pb concentrations from 482 Ilmol L -\ to 278-3170 nmol L -\, with a minimum of 99 % reduction in the presence of calcite (Table 2) ; however, as for aqueous Ca, calcite reduced the effectiveness of HA to immobilize aqueous Pb, resulting in 48 to 317 times greater Pb concentrations than for the controls, which were < 10.1 runol L -1 (Table  1) . At a reaction time of <2 h, increased calcite loading decreased aqueous Pb concentrations, which may reflect Pb adsorption by calcite. At reaction times >2 h, however, differences in calcite loading had no significant effects on Pb immobilization. Lead concentrations were greater at 2 h than at any other reaction times. Final P concentrations in the absence of calcite was 42.9 (Table  1 ) compared with <0.12 Ilmol L -\ in the presence of calcite (Table 2 ). This suggests severe suppression of HA dissolution by calcite (Eq. [1]), probably due mainly to resultant higher pH values (Table 1 and 2). Solution pH values increased from 5.94 to >7 by calcite after 2 h reaction, whereas Ca concentrations were nearly unchanged in the presence of calcite (Table 1 and 2). Both P and Ca concentrations increased with increasing reaction time, suggesting more HA dissolution with time.
According to MINTEQA2 (Allison et aI., 1991) , the eqUilibrium precipitation sequence in HA-calcite-aqueous Pb systems is as follows: Pb 3 (P0 4 )2 > Pb(OH)2 > Pb\O(P04MOH)2> PbC03 (cerussite) > Pb 3 (C0 3 MOH)2 (hydrocerussite). The minerals Pb lO (P04MOH)2, PbC0 3 , and Pb3(C03MOH)2 were detected by XRD (Fig. 1) . Both Pb3(P04h and Pb(OHh are thermodynamically more stable than Pb\O(P04MOH)2 in the current system, but neither Pb3(P04h nor Pb(OH)2 was detected by XRD after 14 d. The copresence of Pb\O(P0 4 MOHh, PbC0 3 , and Pb3(C03MOH)2 indicates the instability of the sys- tern; given enough time, only the most stable mineral is expected to remain. Thus, the mechanism ofPb immobilization in the current system appeared to be through HA dissolution and precipitation of HP, hydrocerussite and cerussite. Upon aging, all of the solid Pb should eventually convert to the less soluble HP, further decreasing dissolved Pb concentrations. In contrast to aqueous Ca, Na, and K, and calcite, EDT A greatly reduced the effectiveness of HA to immobilize Pb. Hydroxyapatite reduced only 24 to 31 % of the aqueous Pb at an EDT A/Pb molar ratio of 1 ( Fig.  2A) , and at EDTA/Pb molar ratios >1, HA failed to reduce Pb concentrations at all. Because EDT A is a strong chelator for Pb (Lindsay, 1979) , most of the Pb was present as Pb 2 EDT A and PbHEDT A in the presence of EDTA (Allison et aI., 1991) , resulting in extremely low concentrations of free Pb. This implies that HA would not effectively immobilize Pb in the presence of a strong chelator, such as EDT A, at moderate to high chelate concentrations. Nevertheless, HA can immobilize some Pb from Pb-EDT A solutions at low EDT A concentrations (EDTA/Pb <1). Final P and Ca concentrations increased, whereas solution pH decreased, with increasing EDTA/Pb molar ratios (Fig. 2) . Formation of Pb 2 E-DT A and PbHEDT A released H+ into solution, further lowering solution pH, which in turn caused even more HA dissolution. As a result, both P and Ca concentrations increased with increasing EDT A/Pb molar ratios.
To summarize, HA effectively reduced aqueous Pb concentrations in the presence of Ca, K, Na, or CaC03, although Ca and CaC0 3 reduced its effectiveness somewhat by suppressing HA dissolution and formation of HP and other more soluble Pb minerals. Hydroxyapatite reduced Pb concentrations up to 31 % at EDT A/Pb :s 1, but it failed to precipitate Pb at higher EDTA/Pb molar ratios due to formation of the stable Pb 2 EDT A and PbHEDTA species. Such results further support our hypothesis that Pb immobilization is mainly via HA dissolution and precipitation ofHP and other Pb minerals.
Part II: Stability of Hydroxypyromorphite (A Reaction Product of Pb with Hydroxyapatite) Before Pb immobilization by HA can be adopted as a cost-effective way to treat Pb contaminated soils, the stability of HP has to be evaluated. Most of our experiments were carried for 2 h due to the rapid reactions of Pb with HA (Ma et aI., 1993) . Reaction times up to 8 wk were tested in this paper. In addition, the effects of low P (simulating P removal by a plant) and high Ca (simulating Ca build-up from continued HA application) on the stability of HP were examined (Eq. [1] and [2]). Because EDT A complex with Pb strongly, its effects on HP stability were investigated as well.
Hydroxypyromorphite stability was tested by reacting 482 J.l.mol L -I Pb solutions with HA for u~ to 8 wk. Final Pb concentrations were <25 nmol L -, which is lower than the U.S. Environmental Protection Agency action level of 72.4 nmol L -I (U.S. Environmental Protection Agency, 1991; Fig. 3A) . Lead concentrations remained nearly constant throughout the reaction, supporting our previous finding that most of Pb immobilization by HA is complete within half an hour (Ma et aI., 1993) . The results also suggest that the reaction product (HP) is stable under the experiment conditions, even after 8 wk. Final Pb concentrations in the treatments were five times higher than for the controls (HA plus water), which were close to the detection limit of the instrument (Fig. 3A) . Clearly, even though HA effectively immobilized aqueous Pb, it could not reduce Pb to the background levels. Although most of the Pb immobilization was complete within half an hour, stable equilibrium was not achieved even after 8 wk (Fig. 3) . Solution pH increased sharply initially up to 2 wk, but then stabilized (Fig. 3B) , whereas Ca concentrations increased only slightly with increasing time (Fig. 3D) . Phosphate concentrations, on the other hand, decreased gradually with time (Fig. 3C ). These changes with time were probably a result of continued HA dissolution and HP precipitation (Eq. [1] and [2]). The following calculation was based on Eq.
[1] and [2] using the 8 wk results (Fig. 3) . Theoretically, immobilization of 482 Ilmol L -( Pb would release 482 Ilmol L -( Ca. Hence, total Ca concentration in the Pb-HA should be at least 574.7 Ilmol L -( (sum of 92.7 and 482) without correcting for pH effect, compared with an actual Ca concentration of 510.6 Ilmol L -( (Fig. 3D) . Thus, at least 61.5 Ilmol L -( 4:ss Ca was released than Pb immobilized. The result suggest that at least 6.15 Ilmol L-( more HP was formed than HA dissolved on a molar basis. Asswning congruent dissolution of HA, the Cal P molar ratio in solution should approach 1.67 at equilibrium. The actual Ca/P ratios for the controls were 0.8, 0.9, 1.05, 1.12, and 1.14 at 1 d, 1, 2, 4, and 8 wk, respectively (Fig. 3C&D) . Therefore, more P dissolved than Ca on a relative basis. The data again suggest that HA was not in equilibrium with the solutions after 8 wk, as shown by the increasing CaIP ratios over time. X-ray diffraction identified no other minerals in the HA sample (data not shown); but, impurities in HA may have resulted in higher P concentrations relative to Ca concentrations. Greater than expected Ca/P ratios (1.85 to 2.58) characterized synthesized HA dissolved in water, which may result from excess Ca near the surface of HA crystals (Larsen and Widdowson, 1971) . In an experiment to measure HA solubility, both Ca and P decreased over time from 17 to 120 d (Wier et al., 1971) , again suggesting that long reaction times are necessary to reach an equilibrium in the HA system.
Even though HP was detected by XRD (Ma et aI., 1993) , the solutions remained undersaturated (Table 3) with respect to this mineral according to MINTEQA2 (Allison et al., 1991) . Both chemical calculations and the MINTEQA2 data suggest that Pb immobilization via other mechanisms such as adsorption and cation substitution were likely as well. The saturation index (logarithmic ratio of ion activity product to the corre- Table 4 . Chemical analysis of 30 mL deionized water containing 0.015 g of mixture of hydroxyapatite and hydroxy pyromorphite after reaction with different amounts of anion exchange resin for 1 or 3 d.
Filtrate pH 0 47 ± 0.8 48 ± 1.5 51 ± 1.0 0.03 3.8 ± 0.7 O±O 230 ± 6.1 0.12 2.3 ± 0.1 1.6 ± 0.2 430 ± 3.0 0.48 13 ± 0.7 11 ± 0.5 1210 ± 1.2 1.92
1.1 ± 0.2 186 ± 4.4 3260 ± 24 sponding formation constant) for HA in the controls and the Pb-HA systems increased over time, again suggesting nonequilibrium even after 8 wk. In addition, the saturation index for HA in the controls averaged 1. 77 -fold greater than the indices for the Pb-HA systems (Table  3) . This was mainly caused by relatively moreHP precipitation than HA dissolution (6.15 Ilmol L -I). Lower HA solubility in the Pb-HA systems could have resulted from surface coverage of the precipitated HP (Ma et aI., 1993) . The positive saturation index values for HA suggest that the HA in our experiment was more soluble than that used for MINTEQA2 (Allison et aI., 1991) . Hydroxypyromorphite stability was further tested by removing P from solutions using an anion exchange resin as a P sink, simulating P removal by plant. Hydroxypyromorphite was apparently more stable than HA under the same conditions (Table 4) . Aqueous Pb concentrations increased slightly at the highest addition of anion exchange resin (1. 92 g), but no significant differences in Pb concentrations were observed at other anion exchange resin levels. The slight increase in Pb concentrations suggests that some HP dissolved at reduced P concentrations; however, much more HA dissolved than HP on a relative basis, as shown by the extremely low Pb concentrations as compared to the Ca concentrations (Table 4) . Assuming equal dissolution rates of HA and HP, and assuming about 22% of HP and 78% HA in the mixture (based on the previously described analysis), the Pb concentrations would be 51, 95, 266, and 717 Ilmol L -I compared with the measured values of 26, 5.8,7.2, and 48 ornol L -I after 1 d (Table 4 ). In addition, the P concentrations would be 108,228, 698, and 1925 Ilmol L -I corresponding to Ca concentrations of 230, 430, 1210, and 3260 Ilmol L -I after 1 d based on a PICa molar ratio 00/5; however, the actual P concentrations were below 13 Ilmol L -I (Table 4 ). These extremely low P concentrations suggest that, as expected, the anion exchange resin effectively removed much of the P from solution; however, only 29% of the P from the mixture was removed by 1. 92 g of anion exchange resin after 1 d of reaction, though this amount of resin could theoretically remove all of the P (Table 4) . Similarly, HP was stable in the presence of high Ca concentrations (Table 5 ). Final Pb concentrations increased slightly, and both P concentrations and filtrate pH decreased with increasing aqueous Ca, suggesting that higher Ca concentrations caused HA precipitation (Eq. [1]). Lower P concentrations could then have led to HP dissolution and to slightly higher Pb concentrations (Eq. [2]). Calcium concentrations in normal soils are :s; 3 mmol L -I (Lindsay, 1979) ; this would result in Pb concentration of <71 nmol L -I (Table 5) , which are still below the U.S. Environmental Protection Agency's action level of 72 nmol L -I. Furthermore, reaction time had little effect on Pb concentrations (Table 5 ). As discussed previously, aqueous Ca inhibited HP formation to some extent (Table 1) , but its effect on HP stability was not as significant. Calcium concentration of 1417 Ilmol L -I resulted in 11.6 Ilmol L -I Pb in the HA -Pb system (Table 1) , whereas 9980 Ilmol L -I Ca only increased the Pb concentration to 155 ornol L -I in the HA-HP system after 2 h (Table 5) . Thus, Ca in a soil environment would have limited effect on HP stability once the precipitate forms.
In the absence of added aqueous Ca, both P and Ca concentrations increased with time (Table 5) . Additionally, P and Ca concentrations were above, and Pb concentrations and filtrate pH values were below equilibrium levels predicted by MINTEQA2 for a HA-HP-Ca system. This implies that the system was not in equilibrium with HA and HP at the end of the reaction period (data not shown). For example, according to MINTEQA2, addition of 4.99 mmol L -I Ca should result in final Ca, P, and Pb concentrations of 9982, 104, and 1.2 Ilmol L -I and a solution pH level of6.91 (Allison et aI., 1991) ; however, final Pb concentrations in our experiment were below 158 nmol L -I at solution pH level of<5.9, approximately nine times lower than the Pb level predicted by MINTEQA2. The data again support our hypothesis that other mechanisms such as cation substitution and ion adsorption, further reduce Pb concentrations in addition to HP precipitation.
Contrary to its stability in the presence of aqueous Ca, HP was unstable in the presence of EDT A. As Table 5 . Chemical analysis of 30 mL solutions containing 0.015 g of mixture of hydroxyapatite and hydroxypyromorphite after reaction with different concentrations of Ca for 2h, 1, or 3 d.
Added Ca (mmol L -1) 19 ± 0.2 22 ± 0.4 27 ± 1.1 6090 ± 172 6540 ± 74 5290 ± 16 66.4 ± 13 55 ± 8.9 71 ± 10 5.8 ± 0.1 5.9 ± 0.1 5.9 ± 0.1 9.98 18 ± 0.1 20 ± 0.6 23 ± 2.4 11100 ± 44 11 300 ± 64 10500 ± 25 ISS ± 5.2 127 ± 17 158 ± 18 5.5 ± 0.3 5.7 ± 0.3 5.8 ± 0.3 expected, most of the Pb dissolved from the solid mixture of HA and HP, with dissolved Pb levels ranging from 85.3 to 99.8 % (Fig. 4A) . Calcium concentrations increased and P concentrations remained nearly constant as EDT A/Pb molar ratios increased from 7 to 26. On the other hand, solution pH decreased as EDT AlPb molar ratios increased, suggesting H+ release from EDT A by either Ca or Pb. Longer reaction time had little effect on the chemical analysis of the mixture of HA and HP after reaction with EDTA. When no EDT A was present, the Ca/P molar ratio was 35 after 2 h, and 26 after 24 h reaction, indicating a decrease in Ca concentrations relative to P concentrations (Fig. 4) . This may have been caused by conversion of more soluble Ca forms to HA. Assuming that EDT A dissolved all of the HP and HA, the Pb, Ca, and P concentrations would be 417, 3857, and 2564 Ilmol L -1; however, the actual Pb, Ca, and P concentrations were 433,1074, and 321 Ilmol L -1, after 24 h at an EDTA/ Pb ratio of 26 (Fig. 4) . Both Ca and P (but not Pb) concentrations were much lower than expected, suggesting that all of the HP, but only part of the HA dissolved. This is consistent with the much stronger chelation of EDT A with Pb than with Ca (Lindsay, 1979) . The (Ca+Pb)/P ratios in the presence of EDTA ranged from 4.4 to 5.0, comparing to 1.67 for pure HA and HP. Apparently, HA and HP dissolved incongruently and other mechanisms kept P concentrations low relative to Ca and Pb concentrations.
To summarize, HA effectively immobilized Pb up to 8 wk, demonstrating relatively long-term HP stability. The main mechanism for Pb immobilization by HA appeared to be through HA dissolution and HP precipitation; however, Pb adsorption and isomorphic substitution may also occur, further reducing Pb concentrations. Hydroxypyromorphite was stable in the presence of anion exchange resin or high concentrations of Ca, even though final Pb concentrations increased slightly as a result of both. Both HA and HP dissolved in the presence of high EDT A concentrations, thus in situ remediation of Pb contaminated soils using HA should be limited to those materials low in EDT A levels.
Part ill: Effectiveness of Hydroxyapatite to Immobilize Pb from Pb Contaminated Soils Lead contaminated soils were reacted with HA to further examine the feasibility of using HA to immobilize Pb. Chemical analysis of the four Pb contaminated soils used in this study (Antilan, Twin, Burch, and Pogue) have been reported by Ma and Rao (1996, unpublished data) .
Hydroxyapatite effectively reduced aqueous Pb concentrations from the four contaminated soils with Pb reduction of >72 % after 2 h (Fig. 5A ). Lead immobilization increased with increased HA additions. For example, the Pb immobilized from the Antilan soil increased from 80 to 98 % as the amount of HA was increased from 0.5 to 1 g after 2 h (Fig. 5A) . Hydroxyapatite was much more effective in immobilizing Pb from Pb-contaminated soils than was phosphate rock. In this experiment, HA reduced aqueous Pb from 8285 to 548 nmol L -1 in the Burch soil at a HA/soil ratio of 10%, whereas phosphate rock only reduced aqueous Pb from 2289 to 947 nmol L -I in the same soil at a much higher phosphate rock! soil ratio of25% (Ma and Rao, 1996, unpublished data) . The greater effectiveness of HA than of phosphate rock to immobilize Pb was expected, since HA is more soluble than phosphate rock, it should thus provide more P to precipitate the Pb in soils. In addition to effectively reducing aqueous Pb concentrations from PbHAs0 4 contaminated soils shown in this study, HA also effectively abated aqueous Pb levels from 10 970 to 1062 nmol L -\ in a lead-battery contaminated soil (Ma et aI., 1993) . We hypothesize that HA dissolution and HP precipitation constituted the main mechanisms for Pb immobilization in these soils. Thus, one would expect that HA dissolution should increase both Ca and P concentrations, and solution pH, while HP precipitation decrease P concentration and solution pH (Eq. [1] and [2]). In general, P concentrations increased, whereas Pb and Ca concentrations, and filtrate pH decreased with increasing HA, with some exceptions (Fig. 5) ; however, the decrease in Ca concentrations was unexpected and is unexplained at present.
Hydroxyapatite effectively immobilized aqueous Pb from solutions in the presence of high aqueous Ca, Na, and K concentrations, and calcite, and from Pbcontaminated soils. Hydroxypyromorphite is stable in the presence of aqueous Ca, in P-depleted system (using an anion exchange resin), and over a relatively long term (8 wk). The accumulated data thus clearly demonstrate the potential for using HA to treat Pb-contaminated soils, wastes and waters; however, HA is inefficient in immobilizing Pb in the presence of high EDT A concentrations.
